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WELDING RES! 


ASSOCIATION = NOTE! 
Opening of New Fatigue Laboratory at 


Abington, Nr. Cambridge, June 23, 1952 


Before giving some account of the opening of the 
Association’s new fatigue testing laboratory at 
Abington, it may perhaps be useful to remind readers 

the background of the Association’s interest in 


gue investigations 


The Association has taken a great interest in prob 
ems of fatigue of metals and fatigue of structures 
ever since its early days, since it is clear that fatigue 

iding constitutes the most severe service condition 

a welded joint. In this work the B.W.R.A. has been 
ortunate in having the collaboration of Professor 
J. F. Baker of Cambridge University and indeed other 
large tields of the Association’s engineering researches 
also Owe much to his close interest 


Farlier investigations by the Association on the 
fatigue of welded structures had to be carried out 
by the most economical means available, which proved 
to be the application of the resonance method A 
great amount of work was done with this technique 
and useful results were obtained The Association's 
staff was also able to make a contribution to the 





Woolton being greeted on arrival by Sir William J. Larke, 
K.B.E., and Sir Charles S. Lillicrap, K.C.B. 


resonance technique by adapting it for the generation of 
longitudinal vibrations This machine has handled the 
largest specimens that are known to have been subjected 
to resonance testing in this way The specimen used was to 
test fillet welds which attach the connecting members to the 
chords of Bailey Bridge panels: the natural period of vibra 
tion was about 4,000 cycles per minute, and at resonance 
the exciting force was such as to give a load in the test 


specimens of about 30 tons 


However, in compiling useful information by the resonance 
testing method its limitations have become increasingly 
clear. For example, with this method of test only equal 
tension and compression stresses can be applied, and the 
stress produced is a function of the design of the part under 
test. It is, therefore, very difficult to compare different 
structures, particularly for example, in attempting to compare 


welded with riveted structures 


These limitations were becoming more apparent because 
much of the preliminary work had been cleared off by the 
successful use of the resonance testing method, and it became 
increasingly obvious that other test facilities would be highly 


desirable 


The limitations of the resonance testing method are 
overcome by the Losenhausen fatigue testing machine recently 
acquired by the Association and which is the chief testing 
machine in the new laboratory. The machine is designed 

pulsating loads of up to 100 tons in either compression 
’ tension; the vibrating load range is 100 tons, and this 
Lord Woolton speaking before the opening ceremony. can be applied anywhere within the limits of 100 tons 
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In the new laboratory Lord Woolton and Dr. H. G 
fatigue problems with Mr. R. P. Newman 


Taylor discuss Lord Woolton performing the 


opening ceremony. 


There are ot n the short opening ceremony and the inspection of the new 


iboratory and of 


one with a 1d ¢ 


the research station as a whole 
irze 

At luncheon, Sir William Larke, President of the Associa 
tion presided. In his speech, he referred to the unfailing 
co-operation and advice which the Department of Scientitic 
ind Industrial Research gave to Research Organisations 
This department was remarkable for the skill and 


vhich it 


tact with 
apphed large public funds to very varied researches 
ill over the country 


Lord Woolton proposed the toast of the British Welding 
Research Association, and in his speech referred to the great 
mportance of close haison between those doing fundamental 


nt is being 


ate 


mw speed 100-ton 


research and those concerned with its application and 





OPE NING 


CEREMONY 


South end of new laboratory. 
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Gg some of the achevements and activities 
B.W.R.A. He said that th Association 
work idly on a number of urgent 
research funds. He made 

ippeal to all those members of the 

1 Were present at this occasion to 
members so at ne Association 


could { 


carry torward its work ata more rapid pace 


trom Sir Stanley Goodall, Vice 


j tormer chairman of the Council 


Presiden 


was rei nm which he regretted that ill-health 
enforced his absence trom the gathering. A cable 
from Dr. Nicol Gross, former Deputy Director. 
who did so much to help the laboratory forward 
was also read 1 it he wished success to all those 
who worked ther Suttable greetings had already 


been sent 


After luncheon the guests took the opportunity 


Of seeing exhibits connected with the many re 


searches nh progress al Abin tton and also of 


seeing something of > wor { e metallurgical 
laboratories at) Park Crescent, specimens from 
Which were exhibited in the new laboratory 
The interest of the day naturally centred round 
the new fatigue testing laboratory which 
considerabic terest for its) constructs 
ing the first welded sts 
erected according to the theory of Plastic 
by Professor J. | Baker The pleasine 
of the building owe much to the ingen hty 
hitect, Mr. G. Coles, F.RLLBA. Th 
Engineers (Structural) were Messrs. W 
S. Atkins & Partners, in collaboration with Professor 
J. F. Baker. The builders were David Chaston Ltd 


and the steelwork was by the Fairlicld Shipbuilding 





and Engineering Co. The Consulting Engineers for 
Neating and electrical installations were Messrs 
Dolby and W imson 

Looking down on the 200 ton fluctuating load Losenhausen machine. 


development. He considered that the technologist 
should not become a technician, but he wished that 
more technical men in industry could be given a few 
years treedom from their responsibilities in order 
that they might come to such organisations as 
B.W.R.A. to learn about the more fundamental 
scientific aspects of their industry. He was glad to 
see that the B.W.R.A. had situated its engineering 
research station near to one of the great univer 
sities so that there was contact with the teaching 
side. He believed that the research associations were 
encouraging forms of technological activity which 
would do much to rescue us from our present position 
of economic difficulty. The man who could increase 
the material wealth of the country by his know- 
ledge could claim to have a very high social value 
He understood that from the application of Pro- 
fessor Baker's theory of plastic design the saving 
of steel in the construction of the new laboratory 
was something of the order of 30 per cent., and 
that ‘in other types of application of the theory 
something like 25 per cent. might be saved. If 
the Association, by suggesting more economical 
practice, could help to make this highly important 
material (steel) available for a greater variety of 
work, then it would be helping Her Majesty's 
Government to solve one of its greatest problems 


In tne course of 


is reply, Sir Charles Lillicrap, Sir William J. Larke, K.B.E.,"President of the Association, 
Chairman of the Council of the Association speaking at the luncheon. 
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CORRELATION OF WELDABILITY TESTS 
WHT STRUCTURAL JOINTS 


Part HT Investigations with the Controlled Thermal Severity Test 


This is the final report of an investigation undertaken by 
the British Welding Research Association to produce a 
test for hard-zone cracking in arc-welded low-alloy steel. 
Parts Land Il were published in the February and April 
issues Of this journal. 


By ¢ M. CoTTReLL, M.Sc., M. D. JACKSON, B.Met., A.I.M., and J. G. PURCHAS 


SYNOPSIS ability test has therefore been named the Controlled Thermal 


A new weldat ¥ test for low-allov steels is described Severity (C.9T.S.) test, and the work leading up to the design 
This test can | to determine the relative liability to of this test has been fully discussed in a previous report} 
hard-zone cra ition sv n any low-alloy steel ts The test assembly provides two test welds which give condi- 
selded with t Iding electrode. The test can tons of heat flow equivalent to those occurring in butt and 
| 


ilso be usec welding procedure which will — fillet welds on plate of the same thickness. The C.T.S. test 


wive crack-tree | n any given structural jornt incorporates a certain degree of external restraint, so that 

The test is based « ve existence of a critical cooling rate any hard-zone cracks which are formed will be enlarged, thus 
i the hard zone rs combination of steel and electrode making them more easily visible. Full data on the various 
shen this rate is ex { hard-zone cracks are initiated grades of heat flow observed in the C.T.S. test are given in 
Ihe test, therefs n mn which the thermal severity this report so that the thermal severities obtained in the 
cooling rate) can t 1) known amounts. and is called test may be compared with the thermal severities of those 
the Controlled The rity test structural joints already tested? 

A general equaty alculating the cooling Previous work by Hopkin? has shown that considerable 


cn jOINt is | iw re 


ites Cooling rate at deg differences in hard-zone cracking severity will occur when 
in the hard zone t nergy input to the weld 


electrodes having different potential hydrogen contents are 


ional to fillet size ind ) the zeometry of the joint ld 


used to weld high-tensile steels. This effect has also been 
Critical cooling rates are derived for a number of differen observed by Sims and Banta’. The relation between electrode 
ypes of electro. ised ft velding a low-alloy steel type and the maximum cooling rate at 300 deg. C. which 
A weldability \ proposed tor classifying | vives no hard-zone cracking in a given steel has been 


mentioned in previous reports However, a more complete 


t 


tecls according t bility to hard-zone cracku 


ndex takes into ac t the type of electrode used to ld study of the relative liability to cause hard-zone cracking of 


electrodes selected from each of the B.S. 1719 (1951) electrode 
classification coating groups | 6 was thought to be desirable 
INTRODUCTION in order to derive typical critical cooling rates for each 
The investigation « idertaken with the object of group when welding a manganese-molybdenum steel 





the steel 


determining the « {it s under which sound welds can be 


made in a struct reated from a low-alloy man MATERIALS 


ganese-molybdenun ‘ waving a vield strength (0-3) per ' 


The alloy steel used in this investigation was supplied 
' ‘ hict : in the torm of rolled plate. The plate was cut roughly to 
the prevention ) cra inv, which 1 a detect “ine 

ce pre : “s b P ci et size and then normalised by heating at 900 deg. C. for up 
to the weld 0 2 ile steels 

to | hour, depending on the plate thickness, followed by 

cooling in air. The plates were then finally machined to the 
dimensions given in Fig. | 


cent. proot stress) of ton r sq. in. This work deals with 


peculiar 
Previous work us subject has shown that for 
given electrode st ’ ition the rate of cooling 
+O deg. ¢ I hard ne decides whether hard-zone 7 
cracking v ; t of joint rigidity or applied In most cases, mild steel was used for the bottom plates 
mantrainit ox Wh ' icking has also been reported in! Order to conserve alloy material. The mild steel was used 
vious papers here it was shown that applied restraint!" the as-rolled condition and was ground on the top surface 
merely opens or ¢ ids hard-zone cracks after they “> shown in Fig. | 
have formed, and | it most, a minor part in. their The analyses of both alloy steel and mild steel plates are 
initiation. Resulting from these findings a simple weldability given in Table I 
1 on 


test based « tions has been developed. The For the tests, one representative electrode was chosen 


heat flow can Varied this test by Known amounts, and from each of the B.S. 1719 electrode classification coating 
the test can therefore give at-flow conditions equivalent to groups | to 6, together with an austenitic 18/8 electrode. The 
those occurring a given structural joint. The new weld- — classification of the electrodes used is given in Table II. 





WELDING 


Table | Analyses of 


RESE ARC 





Alloy steel 
Alloy steel 
Mild steel 
Mild steel 
Mild steel 
Mild steel 


Material 


per cent per cent 


OS O24 
O10 0-25 





Table I1.-Electrodes used in the Tests 





B.S. 1719 (1951) 


Classification Coating Core Material 


Cellulosic Mild steel 
Rutile 

Rutile-basic 

Onxide-silicate 

Oxidising 

Low-hydrogen, basic 


Rutile 





Table 


Supplement 
serics 


i=f 


Fig. 1. 


Hil. Test Assemblies and Thermal Severity 
Numbers 


Top Plate Bottom Heat Flow Thermal 
Thickness Plate from Test Severity 
(in.) Thickness Weld Number 
(in.) (T.S.N.) 


bithermal 
trithermal 


bithermal 
trithermal 


bithermal 
trithermal 


bithermal 
trithermal 


bithermal 
trithermal 

ary 
bithermal 


trithermal 





eg length of test weld t — top plate th 
b= bottom plate thickness 


C.T.S. weldability test assembly for low-alloy steel 





All the electrodes with the exception of the E 111 P elec- 
rode were dried at 110 deg. C. for at least one hour before 
use 


TESTS WITH VARIATIONS OF JOINT GEOMETRY 
(a) Test Procedure 

The thermal severity of a welded joint depends upon the 
combined cross-sectional area of the paths by which heat 
can flow away from the joint. In the C.T.S. test a thermal 
severity number of one (T.S.N.1) was taken to refer to heat 
flow through one section of } in. thick plate, and, according 
to the terminology of a previous report!', this is termed 
unithermal } in. flow. Similarly, T.S.N.2 refers to heat flow 
through two sections of | in. plate (bithermal { in.) or one 
section of } in. thick plate (unithermal 4 in.). The complete 
set of C.T.S. test assemblies and their thermal severity 
numbers are given in Table IIL. It will be seen that the tests 
comprise the main series where top and bottom plates of 
equal thickness are used, i.e. } on } in., § on } in., | on Tin 
and 2 on 2 in., and a supplementary series with } in. top 
plates on § and | in. thick bottom plates. Plates of other 
thicknesses could be used, and other combinations of top 
and bottom plate are possible, * the thermal severity number 
of a test may be obtained from the following formulae 

T.S.N 4(t - h) for bithermal welds (Fig. 1), 
T.S.N 4(r - 2h) for trithermal welds (Fig. 1), 

where ¢ is the thickness in inches of the top plate and 6 
is the thickness in inches of the bottom plate 

The dimensions of the test plates and the method of 
issembly are shown in Fig. |. The edges of the top plate 
were machined, and one face of each plate was surface 
ground, the assembly being bolted together with the two 
surface-ground faces in contact 

Anchor welds were made on two opposite sides of the 
top plate as shown in Fig. 1. Each anchor weld was made in 
three runs, with the exception of tests on } in. thick plate, 
where single-run anchor welds were made. Table IV shows the 
fillet sizes used for the anchor welds on each assembly and 
the size of electrode. Class F.317 electrodes were used for all 
the anchor welds 

* When one plate ck and there is a marked difference 


between the thicknesses of the two plates, the calculated T.S.N 
will indicate ore severe thermal conditions than those 


Table IV... Sizes of Anchor Welds 





Plate Thickness (in.) 


lectrode Size Fillet Leg Length 


Top Plate Bottom Plate (s.w.g.) (in) 


8 (triple run) 
6 (triple run) 


6 (triple run) 
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(b) Derivation of Thermal Severity Curves 


Rates ot ’ temperatures 


taking ect cooling 


iL Persper 


ooling rates to the 


heat supplic the are, their square roots were 


plotted against t put* in joules per inch of weld 


hown to exist betwee ten 


the rate of cooling tor long 
tent by D The 
departure | 1 t oot-rate curves obtained trom 


toe B {s I he tinit 


Rosentha 


e dimensions of the 


causing the curves 
become h 


shown 
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w& 


¢ potentiometric recordet 


# COolnE Curves 


root-rate 


taken 


to the rate of 
as the best criterion for 


curves led 
Wine 
dading v ror not hard 


It ad H 


obtaines 


fone cracking would occur 


higher rate of cooling be 


creasing the plate thickness, or number 
heat flow 


could 


of paths or by decreasing the energy 
input (fillet To obtain a measure of the thermal severity 
of a test, which would 


indicate the cooling rate obtainable 
with anv weld size 


The 


thermal severity curves were plotted 


thermal severity curves have energy input (fillet size) 


iS ordinates and 


is abseissae, where R 


is the rate of 


cooling at lex in Centigrade degrees per second 
TS 
Fig. 3 (a) shows 
trithermal welds using |, § and 


big 


welds 


Two sets ve been plotted for the ¢ tests, 
ind 


d these "ven } izs. 3 (a) and 3 (h) 


therma 


loin 


severity it S tor 


thick material 3 (+) shows a similar set ot 
for the bithern These curves all conform to 


nerai equation 
R (1) 

(EX -+-c) 
the energy input in joules per inch ot weld, and 
constants 


are For the curves given in Figs. 3 (a) 
may be made equal to 0-05, 


48 


4) the constant 


and a 


rood approximation for A is given by Where N its 


the therma 


severity number (T.S.N.) of the test concerned 


The rate of cooling at 300 deg. ¢ 


in any test having a thermal 
below the limiting value can then be derived 


expression 


severity number 


from the 
R $8 


(2) 
(x 10° 


0-08 ) 


¥ input in joules per inch of weld, and 


thermal severity number. It must be noted that thts 
ais only applicable to welds made on plates initially 
it room temperature (Le. approximately 20 deg. C.) 
(c) Limiting Cooling Rates for Various Weld Sizes 
The tests indicate that there is a Maximum limiting cooling 
rate tor In the case of a fillet 


electrode), the maximum 


given size of weld fillet 
{ 


weld of | in. leg length (8 s.w.g 
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Average 
blectrode 


Energy Inp 
Leg Length (Joules per 
Crauge (in) lor) 


(S.Wig.) 


in. plate) 


4 


in plate) 


2 3] 
in plate) 1S.0 
67-0 
1090 


16 2 90 
2-in. plate) 601 
99-7 
140-0 


»4 
plate) 


pplement: 


3 
top plate 
in. bottom 
plate) 


(7-1n 


} top plate 
in. bottom 


plate) 
s 
(j-1n. top plate 
l-in bottom 


plate) 


) 
(j-in. top plate 
l-in. bottom 
plate) 





cooling rate is obtained when it is laid on | in. thick material 
in the trithermal test (T.S.N. 12), and no faster rate of cooling 
is obtained when the same fillet size is used in a trithermal! 
test in 2 in. thick material (T.S.N. 24). With larger fillet 
sizes, a greater severity than T.S.N. 12 is necessary to produce 
the maximum cooling rate. A line is drawn on Figs. 3 (a) and 
3 (hb) to represent the maximum cooling rate attainable for 
any given energy input or fillet size 

It will be seen that this line is different for bithermal and 
trithermal welds. This is evidently due to the fact that heat 
can flow away from a trithermal weld in directions with'n 
270 deg. of a circle having its centre on the weld axis, whereas 
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Test Data and Res 


racking 
H leg 


cent 


Nil 


Ni 


in a bithermal weld heat flow is restricted to directions within 
approximately 180 deg. of 


The curves for maximum 
attainable cooling rates are given in Figs. 3 (a) and 3 (hb) and 


a circle 


conform to the equation 
R : 10° (3) 


For the trithermal tests, p has been taken as unity 
the bithermal tests as 0-71 


, and for 


In each case the points obtained for welds on 2 in 
material lie on the appropriate limiting line 
as open circles in Fig) 3 (a) and 3 (hb) 


thick 


These are shown 





big 


4 (b) 


w’eheat on 


a 


1S 
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test 
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(d) Relation between Thermal Severity and Joint Geometry 

The thermal severity curves given for the range of C.T.S 
ests cover most cases which are likely to be found in practice 
Any practic: int will have a thermal severity curve, the 


t 


slope of w may be compared with those given in Figs 
(a) af ; vermal severity curves for a number of 
been obtained in the same way as those 
IS. series of tests, and these have been described 
VIOUS paper 
Where the thermal! severity curve for a test is known, it ts 
to calculate the cooling rate at 300 deg. C. for a weld 
of any given fillet size, made with the plates initially at room 
temperature t the thermal severity of a joint is not known, 
then it may be possible to compare it with a joint for which 
the thermal severity is Known, and so derive an approximate 
the rate of cooling. Some knowledge of the thermal 
f a joint is necessary to lay a fillet of sufficient size 
to ensure that the critical rate of cooling for the electrode ‘steel 
combination is not exceeded 
(e) The Effect of Preheat on Thermal Severity (Cooling Rate) 
Where it is not possible, or desirable, to lay a fillet large 
enough to ensure that the critical cooling rate is not exceeded, 
some other means of reducing the cooling rate must be 
The usual method of doing this is by means of pre- 
heating. The effect of preheat on the C.T.S. test has not yet 
been studied, but one test (T.S.N.6) has been made in which 
the assembly was preheated to 200 deg. C. The root-rate curves 
tor this test, and for a similar test without preheat, are given 
in Fig. 4. It may be seen that the cooling rate at 300 deg. ¢€ 
has been effectively reduced from 10-3 Centigrade degrees 
per second to 1-4 Centigrade degrees per second. In fact the 
effect of raising the initial plate temperature by 180 deg. ¢€ 
has been to raise the major part of the root-rate curve by 
a similar amount. Since preheat was not maintained during 
and after welding, the curves converge at room temperature 
Thus the rate of cooling at 300 deg. C. in the preheated test 
is the same as the rate of cooling at 120 deg. C. (300 deg. C. 
minus 180 deg. ©.) in the non-preheated test. It should be 
noted that the two tests do not have identical levels of energy 
input 


THE EFFECT OF ELECTRODE TYPE ON WELD- 
ABILITY 

(a) Test Procedure 

In order to obtain a quantitative estimate of the weldability 
of various types of electrode from the B.S. 1719 classification, 
it Was Necessary to use a weldability test of graded severity. 
In this series of experiments a standard joint size was used, 
and the test severity was varied by altering the size of the 
test weld deposit. Joint severity T.S.N.6 (trithermal flow in 
} in. thick plates) was used with five different weld sizes 
having leg lengths of 0-15, 0-20, 0-25, 0-32 and 0-42 in. 
made with 12, 10, 8, 6 and 4 s.w.g. electrodes respectively 
In this test two joints each having T.S.N.6 were produced 
on one assembly by extending the bottom plate of the C.T.S. 
test by 3 in he top plate of the test assembly was of 4 in. 
thick manganese-molybdenum steel to the composition 
given in Table 1, and the bottom plate was of } in. thick 
mild steel 

The welding procedure was similar to that used in making 
the normal C.T.S. test, as described previously. The direct 
cooling curves were recorded on the fast-response recorder, 
but in this instance finer thermocouple wires were used, which 
enabled a solid plug to be substituted for the thermocouple 
cap previously used. A diagram of the new thermocouple 
assembly is shown in Fig. §. The smaller diameter of the 
thermocouple hole used in these tests reduces any misleading 








WELDING 


heat-flow effects which a hole may cause 


The welding current used for each electrode was set at 
the middle of the recommended lternating current 
was used for all the tests, which facilitated the measurement 
of energy input values. The various test-weld fillet sizes were 
produced by depositing 14 in. of electrode per inch of weld 
with each electrode size for electrodes from groups |, 2 and 


range 


3. The deposition ratios were varied slightly for electrodes 
from other groups according to the deposition efficiency of 


the electrodes 


The energy input for each test weld was measured and 
average values for each fillet size are given in Table VI, 
together with average cooling rates at 300 deg. C. in the 
hard zone 


Fable VI. Average Values for Energy Input 
Rate and Hardness Observed in the Tests wit 
of Electrode 





Fillet 
Leg 
Length 
(in.) 


Energy 
Input * 
Voules 
per in.) 


Electrode 
Size 
(S.W.g.) 


Average Peak 
Hardness in Heat 
Atfected Zone 
(D.PLN.) 


Rate of Cooling 
at 300 deg. ¢ 
(deg. C. per sec.) 


15,000 
20,000 
32,000 
46,000 
67,000 


O15 

0-195 
0-245 
O-31S 
0-420 


445 
430 
415 
390 
345 





* Total are energy 


The test welds were sectioned and examined for hard-zone 
cracks. Hardness tests were made using a Diamond Pyramid 
Indenter and a 10 kg. load 


(b) Critical Cooling Rates for Various Electrodes 

The results of the tests showed that there was a marked 
variation in liability to hard-zone cracking when welding 
with electrodes from different groups in the BS. 1719 
classification. These results are given in Table VII, together 
with approximate critical cooling rates at 300 deg. C. for each 
electrode when welding the low-alloy steel. When the cooling 
rate is below the critical value no hard-zone cracks will be 
formed, but when the critical value is exceeded, cracking is 
likely to occur 


The great advantage to be gained by using group 6 (low- 
hydrogen) electrodes, instead of groups 1 (cellulosic), 2 
(rutile), 3 (rutile-basic) or 4 
clearly shown in Table VII. The advantages of the austenitic 
and oxidising electrodes, which are also shown in these 
results, were observed some years ago by Hopkin+. However, 


(oxide-silicate) electrodes, is 


Table VII. 


Relative Liability of Different Types of Electrode to Produce Hard-Zone Cracks when Welding 
Molybdenum Steel with Joint Severity 


RESEARCH Ss“ 
neither of these two electrodes combines all the advantages 
of the low-hydrogen type, since the austenitic electrodes are 
costly and the oxidising electrodes give low weld strength 
This marked superiority of the group 6 (low-hydrogen) 
electrode has been mentioned dy Tremlett’ in a recent paper 
The use of electrodes of this type for welding the manganese- 
molybdenum steel would enable any thickness of plate to be 
welded with complete freedom from hard-zone cracking, pro- 
vided that a minimum fillet size of } in. leg length (8 s.w.g. elect- 
rode) was deposited. With this fillet size 30 Centigrade degrees 
per second is the maximum cooling rate obtainable at 300 
deg. ¢ on “intinitely” thick plates 
Since the low-alloy steel can be welded with rutile electrodes, 
it should be possible to weld steels having a higher alloy 
content and enhanced mechanical properties if low-hydrogen 


even when welding 


electrodes are used 
The value of ize peak hardness in the heat-affected 


zone of each test weld was observed, and an approximate 


iver 
value is given for each weld size in Table VI. If this hardness 
Value is greater than 380 D.P.N., hard-zone cracking ts likely 
to occur with the vero ip 
400 DLPLN 


basic) electrode 


(rutile) electrode, whereas values 
up to can be tolerated with the group 3 (rutile 
However, if the low-hydrogen electrode is 
values of up to 430 D.P.N 


without hard-zone cracking 


used, in the hard zone can occur 
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33 SWG CHROMEL- ALUMEL 
THERMOCOUPLE WIRES 
showing attachment of small-type 


thermocouple 


Fig. §. Diagran 


in. Thick Manganese 
S.N6 





Hard-Zone Cracking* with 


Electrode Type 
(B.S. 1719 Coating Group) 
0-20 in 


1 Cellulosic 

2 Rutile 

3 Rutile-basic 

4 Oxide-silicate 

§ Oxidised 

6 Low-hydrogen 
Austenitic 18 8 


Severe 
Severe 
Severe 


Severe 
} 


Nil 
Nil 


Slight 
Nil 


various Approximate 
Critical Cooling Rate 
at 300 deg. ¢ 
(deg. C. per sec.) 


Test Fillet Sizest 


4 
Above 21 
40 
Above 43 





Severe cracking refers to coarse or fine cracks present in all 


three 


sections cut from the test weld 


Slight cracking refers to micro-cracks present in one section only 


¢ Fillet size is expressed as average leg length 





(c) Relation between Fillet Size and Energy Input 


PROPOSED WEEDABILITY INDEX 


t nlithca 
diticat 


the 
ce The ¢ 
ne the weldabili 
the tact that ditter 
when different ele 
OMe 
| 


1 

LENGTH % N ‘6 
euct t 
4 \ | vec! I s! id energy input for 


{} exami 
groups 1-6 and an 


erent severity, am 
en a Weldability inde. lett 
1 fiy ' t 

epending o Ss show cracking. The 
ther 


BS. 1 


the coating group numb 


severity ve ‘re is plotte 
electrode used fo evel curves, where EF ts plotted 


Table VIL \ jability Ind been drawn for the eight types of test 


nd to contorm to the general equation 
l 
(= 0-05) 
N 10 
lication of the joint severity. For 
table is included in the Appendix which 
relates till joint geometry and rate of cooling 

Also. it has been shown that there is a Maximum attainable 





cooling rate for each level of energy input (fillet size). For a 
filet weld of | in. leg length the maximum cooling rate ts 
ittained ino a trithermal weld between | in. thick plates 
IS.N. 12). The cooling rate is no greater when the same 
in. thick plates 

This limiting cooling rate has been found to be different 
or bithermal and trithermal welds. Two curves have been 
plotted for each of the above types of weld showing the 


um cooling rate attainable. They conform to the 





{ ) 


llet size is deposited on 


SUMIMARY AND CONCLUSIONS 


UEV Chop shict p 


I 
rmal welds, and 0-71 for bithermal 


) 
thick \¢ 


r ASSCITIDIS 
Trom the 
one bithe 
’ he C.T.S. test which provides two 
trithermal welds (T.S.N. 6) on one assembly has been used to 


assess the relative merits, with respect to hard-zone crack 


h 
IS Way ¢ 


e on the iour assembtiies ‘ 


formation, of electrodes Chosen to represent each of the 


‘ electrode coating groups given in the B.S. 1719 classification 
S.N.), based on the t Ness In 


een LIVEN a numbe 
these tests the top plate was of § in. thick alloy steel, 


and the bottom plate was of in. thick mild steel. The 


because of 

beet esults of these tests have shown that the electrodes from 
groups 6 and § give good weldability, group 3 giving inter- 
mediate weldability and groups |, 2 and 4 the worst weld- 
ability. An austenitic 18 8 electrode was also tested and gave 


the best weldability 


\ weldability index has been proposed with which it ts 
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Possible to classify low-allov steels in relation to their 


tendency to hard-zone cracking. The weldability of a given 


Steel is denoted by one of the letters A to G in decreasing 
order of weldability The weldabilitv index letter depends 


welding 


1719 


to some extent upon the type of electrode used for 
the steel, and the letter is therefore preceded by the B.S 


coating group number of the electrode used 


FLTURE WORK 


The effect of various degrees of preheat on heat flow in 
the C.T.S. weldability test is to be studied 
are to be plotted for tests preheated to 
temperature levels, and these will be compared with the 
curves already obtained for tests at room temperature 


Thermal severity 
Curves various 
Tests 
will also effect, if 
particular 


be carried out to determine what 
preheat has on the critical cooling rate for a 


combination of steel and electrode 


any, 


A range of typical structural joints is to be tested. Thermal 
severity curves will be plotted for these joints and will be 
compared with those obtained for the C.T.S. test. The C.T.S 
test will be used to determine the weldability of a new range 
of experimental low-alloy steels 


APPENDIX 
Table IX relates fillet size and joint geometry 
rate 


to cooling 


The energy input for a given fillet size is obtained from 
Fig. 6 number (T.S.N.) is estimated 
as described previously. The cooling rate is then calculated 
from equation 2 or 3 


The thermai severity 


The steels which may be welded with different fillet sizes 
for various grades of joint severity are given in the last 
column. The weldability index of the steel must be obtained 
by carrying out ¢ 
to the electrode used 


T.S. tests, and the index will vary according 
The electrode to be used should give 


the steel a weldability index in the range corresponding to 
the proposed fillet size for the joint concerned, e.g. if the joint 
to be welded has a T.S.N. of 6 (Le. a T-tillet on } in. plate) 


then the electrode 
to be used must give a weldability index of A, B or C according 


to Table VIII 


and the minimum fillet size used is | in., 


The figures in brackets in column 4 of Table IX are for 
bitherma! These lower than for 
equivalent trithermal welds because the limiting maximum 
cooling bithermal 


welds only values are 


rate is lower for welds, as indicated 


previously in this report 


REFERENCES 


and Jackson, M.D. “Correlation of Weld 
ability Tests with Structural Joints, Part I. Investigations with 
Unrestrained Fillet Tests and Structural B.W.R.A,, 
Welding Research, vol. 6, No. 2 (April 
Corrrett, C. L. M., Jackson, M. D., and Wurman, J. G 
‘Control of Cracking in the Metal-arc Welding of High Tensile 
Structural Steels,” B\W.R.A., Welding Research, vol. §, No. 4 
(August, 1951) 

Corrrets, C. L. M., and Lane, P. HOR 
ability Structural Joints 
with Tests of the Restrained Fillet Type 
Research, vol. 6, No. 1 (Feb., 1952) 


Cortrint, C. LM 


Joints,” 


1952) 


Correlation of Weld 
Part. 1. Investigations 


B.W.R.A., Welding 


Tests with 


RESEARCH 


Table IX 


Calculated Rate 
of Cooling at 
WH deg. ¢ 
per see.) 


Fillet Size 
nput \ crage 
» x ice Length 
) tor Single 


Inde. 
Letters o 
Siccl 
(deg. ¢ Weldabic 

run tin. 


AtoD 


to t 
to t 


to D 
tot 


to ¢ 
to D 
tot 


and B 
SO to ¢ 


45 to D 
220 \ 
110 to ¢ 
60 to DD 


23:0 \ 
140 ind B 


7:§ to ¢ 


170 ind B 
1O-0 to ¢ 
65 tol 


200 A 
12-0 

80 

30 (22) 

19 (1S) 

12-0 


22 (16) 
17 (12) 
12 (8-5) 
0 22 (16) A 
0 17 (12) and B 
0 12 (8-5) to ¢ 
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METAL-ARC WELDING OF PLAIN CARBON STEELS 


Mr. A. Apold will 


contributor 


probably be known to a number of the readers of this journal. 
In the article published below, Mr. Apold concerns himself with 
certain basic metal-are welding problems, and his ideas on the 
subject will no doubt stimulate discussion amongst those who 


use the process 
The article was 
December, 1950 


ARNE APOLD 


SYNOPSIS 
The 


m terms of the 


reacuior n the slag and steel are discussed 


to approach chemical equilibrium 
at each stave o welding process, from electrode tip, 
to molten poo 
Typical cases « ice porosity are Mentioned, and some 
theories of 


porosi discussed. Contrary to statements 


in the literatu thor considers that porosity in welding 
be due to the 
IN gas producing reactions. Secondary 


steel with a hig i r content can hardly 
participation of 
Suggested from the welding 
in particular 


the physical slag properties that 


causes Of surface rositv. are 


tests described in the report, which seem to 


reveal a special function ot 
has not been dealt with by previous writers 
The dependence of hot cracks on welding conditions is 
noted, and observations are made on the influence of chemical 
elements on the treedom= of 


Ditferent theories on the 


from hot cracking 


causation of hot cracking are also 


welds 
discussed 


LOUILIBRILM REACTIONS 
The development of arc welding has depended to a large 
extent upon the development of suitable electrodes. Weld 
quality is thus in large measure determined by the electrode 
properties 
addition to 
literature, though investigations of slag-metal reactions have 
been carried out in Germany and later in the U.S.A., where 
D. FE. Babcock! has carried out some pioneer work in this 
field. In Scandinavia, N. Christensen? *}4 has demonstrated 


Equilhbrium reactions are a recent welding 


in a very commendable manner the important influence of 
equilibrium reactions on weld composition. G. E. Claussen* 
in America has made a thorough study of the slag reactions 
of the important American types 
American investigations have also shown that the composition 


four most electrode 


of the arc atmosphere is determined by the tendency toward 


equilibrium, and in conjunction with slag-metal reactions 


that the are atmosphere also affects the chemical composition 


of the weld metal. By original experiments and by the 


first 


published in SVEISETEKNIKK in 


application of thermodynamics, J. D. Fast of Holland® 7? 
made important contributions towards the 
explanation of the action of welding electrodes 

Babcock’s, Christensen’s and Claussen’s results all show 
that the oxidizing reactions of manganese and 
silicon at the solidus temperature for steel lie somewhat on 
the endothermic side of equilibrium; that is to say, the 
manganese and silicon contents of the deposit are somewhat 
This results in the 

lying somewhat 


has recently 


reducing 


in excess for conditions of equilibrium 
temperatures for apparent equilibrium 
higher than the steel solidus temperature. 

For further study of the reactions it would be of special 
interest to have a greater knowledge of the temperature-time 
relations of the slag and steel during the transference of 
material from the electrode tip through the arc to the weld 
pool, and also of the nature of the contact between slag 
and steel in these three reaction areas. It is unlikely that the 
temperature conditions at the electrode tip stage for different 
types of electrodes are of very great importance for the final 
composition of metal and slag, since in the two succeeding 
stages the materials are subject to very different conditions. 
In the second stage the very high temperature of the are will 
not have its full effect, since the steel passes in a few 
thousandths of a second in droplet form and consequently 
has a temperature below 2500 deg. C. The final stage is of 
the greatest importance, but the temperature conditions in 
the weld pool will probably be extremely complicated and 
difficult to investigate. It is most likely that there is consider- 
able turbulence in the weld pool and very unequal temperature 
distribution, with a sharp temperature drop to the forming 
crystals and to the quieter parts of the liquid surrounding 
them. In practice the mixing of deposit and base material 
constitutes an additional reaction that takes place in the 
pool 

Because of the high temperatures and short time involved 
in the are process, it is understandable that the reactions 
between slag and steel will lie somewhat on the endothermic 
side of equilibrium at solidification 

In addition to the fact that the sharp temperature drop 
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is a deterrent to complete equilibrium, the surrounding 
atmospheric Oxygen, as a reactant, possibly to some extent 
counteracts an internal slag, steel equilibrium and certainly 
to a great extent influences the resulting composition of 
the weld metal and the slag. With an extra long arc, electrodes 
of standard type* may thus give 30 per cent. less manganese 
in the deposit than they do with a short arc 

Christensen finds the carbon content to be far on 
endothermic side of equilibrium at 1800 deg. C. to 1900 
deg. ¢ where manganese and silicon showed apparent 
equilibrium. These results, as presented by Christensen, 
may appear surprising. A correction for silicon-bound 
oxygen in the steel might give a somewhat clearer picture 
of the equilibrium tendency of the carbon reaction in the 
pool itself; oxygen combined with silicone in the deposit 
may already have occurred as slag during the cooling period 
above the solidification temperature and thus have been 
withdrawn from the oxygen concentration in the pool 
The realisation of this correction would involve elaborate 
and specialised analytical research, but a correction based on 
earlier experience regarding oxygen combinations in weld 
metal® might be of some help. In general, we must conclude 
that carbon is less active during the arc process than man- 
ganese and silicon 

Porosity in weld metal must be the subject of special 
study in terms of chemical equilibrium, which can be of 
great assistance. 

It has not been extensively discussed in the literature in 
spite of its importance for welding practice, and not least 
for development work on electrodes. The competition within 
the electrode industry, and perhaps also the complex nature 
of the subject, may have discouraged discussion of this 
problem. Quite recently, J. D. Fast’ presented a complete 
chemical-physical treatment of the subject and provided a 
sound basis for further discussion of different 
porosity. 

Weld porosity reduces ductility, but the possible effects 
of porosity as a stress raiser under impact or fatigue loads is 
probably more important. 

Cracks in weld metal, i.e. hot cracking, have been much 
discussed, particularly by Swedish writers, and especially in 
connection with the well-known crack-sensitivity of standard 
electrodes. Cracks in weld metal must also depend to some 
extent on tendencies towards chemical equilibrium during 
deposition of the electrode. 

Both of these weld defects are induced by metallurgical 
features in the electrode employed and base metal, but they 
also depend on other welding factors, including the personal 
element of the welder’s working method. 

The following discussion of porosity and cracks applies 
in particular to horizontal welding, where both phenomena 
are most likely to occur. 

POROSITY 

The causes of porosity* * can conveniently be divided into 
two groups, primary and secondary causes. 

The primary cause of porous welds is the formation of 
gas bubbles, which form in the puddle during solidification. 
These gases are due to chemical reactions or supersaturated 
gas solutions. If the bubbles fail to reach the surface of the 
pool before it freezes, the result will be internal porosity; 
if they just reach the surface, the result will be external, or 
surface porosity. 

Pipe or cavity caused by contraction of the weld metal 
during solidification, is not believed to play an important 


* 


the 


In this article electrodes of standard type mean the European 


type, Le. the nearest approach to the American Exx20-Exx30 
types. (These correspond to class E4xx of the B.E.A.M.A. classifica- 
tion, the oxide silicate type.) Electrodes of basic type mean the 
European type that corresponds approximately to the American 
Exx15-Exx16 types. 


types of 


role in weld porosity 

Discontinuity in the weld metal on account of slag 
inclusions may also be termed a form of internal porosity 
These inclusions can either be mechanical inclusions, as the 
larger particles usually are, or chemical precipitation, which 
results mainly in microscopic particles. Slag inclusions are 
more easily formed in rapidly solidifying pools | 
increase with the specific gravity of the slag 

Different types of electrodes show various forms of porosity 
and in some respects react entirely differently to a given set 
of welding conditions. There is litte doubt that a 
number of gases are important, but which gases induce 
porosity in the individual instances is not sufficiently clear 
However, the following five should be considered: carbon 
monoxide, carbon dioxide, nitrogen, hydrogen, and water 
vapour. These gases act together in the gas bubbles that 
cause porosity, but the proportions of each will differ greatly 
and will vary with the type of electrode. The carbon oxides are 
formed in the molten metal by the reaction of carbon and 
oxygen as the base metal mixes with the deposited metal and 
slag. The solubility of nitrogen in molten steel decreases with 
decreasing temperature and gives rise to gas evolution under 
supersaturation. Hydrogen can be liberated in the same way 
as nitrogen, or it can develop water vapour by reaction with 
oxygen. Hydrogen has an exceptional position among these 
five gases, as its diffusivity is very great, particularly at high 
temperatures. The superfluous hydrogen can therefore also 
escape from the puddle without forming bubbles, partly 
through the solid base material. This may be of special 
Significance in atomic hydrogen welding, which does not 
normally give porous welds 


They also 


also 


It is readily observed during welding that different types 
of electrode behave in essentially different ways as regards 
evolution of gas in the molten pool 
soft) produces a very actively 


The oxidizing type (dead 
boiling pool, probably on 
account of the combustion of carbon in the molten metal, 
whereas the basic type gives a quiet pool, which indicates 
complete deoxidation; the standard electrode apparently gives 
considerable evolution of gas, which blows or bubbles up 
through the liquid slag that normally covers an extensive part 
of the pool 

With regard to standard electrodes, gas evolution during 
welding is also reflected in the appearance of the solid slag, 
as shown in Fig. |! 

Since the slag from the standard electrode partly covers 
the molten metal during welding, while the slag from the 
other two electrode types lags behind the pool, it would be 
reasonable to assume that gas evolution in the pool is the 
cause of the porous underside of the standard electrode slag 
Fast’, however, on the basis of special experiments asserts 
that the slag porosity can be explained by gas evolution from 
the slag itself, i.e. that the liquid slag of the standard electrode 
has a particularly high gas solubility and a considerable gas 
evolution during solidification. This statement is supported 
by the fact that when welding with standard electrodes a 
porous underside is obtained in the slag even when welding 
vertically upwards, a position in which the solidifying slag 
usually does not cover the pool 

A contributory cause of slag porosity with standard elec- 


** “Fish-eyes” are not porosity. They do not occur until the 
yield point is exceeded. An essential condition for the formation 
of fish-eyes is supersaturation of hydrogen in the weld. Fish-eyes 
greatly impair the ductility of the weld. A good survey of this 
comparatively familiar phenomenon is given by Lefevre.? Sjoman} 
has presented a remarkable extension of the theory of this effect 
by taking into account the water content of internal cavities of 
tensile specimens; this explains the well-known fact that the 
tendency to fish-eyes can be removed by suitable heat treatment, 
and later be reinduced by inother special heat treatment. The 
experimental and theoretical basis of this very 


conclusion is 
convincingly presented by Reeve.!0 
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i ta ot ail Py ee «} 


1 
tandard type electrode 
ig Of basic type electrode 
ie of oxidizing type clectrode 


iw of 


trodes 
of the 


Even if 


iS i ) ind in the special physical properties 
Slag in 


the 


treo 
treou 


consistency 
the 


ing of liquid slag and the porosity 


of the solid slag not be considered proof of gas evolution 
in the pool trom standard 
the 


direct obser i bh 


clectrodes, and even if it rs dithecult 


to prove eu vas evolution in the molten metal 


by the general opinion that this type 


of electrode must vive some gas evolution as a conse 
quence of demonst: 
The 
therefore normally present when using the standard type of 
electrode. The 
appear with 
the fact 
parent metal 
aided by the wave 
the bubbles 


difference in 


ible metallurgical reactions in the puddle 
primary condition for weld porosity (gas evolution) ts 


observation that porosity does not generally 
commercial electrodes of this type ts explained 
by that the molten metal always solidifies trom the 
the This 
normally forces 
The 


ity between gas bubbles and molten 


side towards al surface process, 


ind currents in the pool, 
gas out of the weld during solidification 
specific gray 
Steel assists in remo 


ing the gas in downhand welding, whilst 


it counteracts gas removal in overhead welding. Since over 
head welding ertheless 


standard 


ne normally yields sound welds with 
that the 


manner of solidification is the decisive factor in removing gas 


clectrodes, it ts reasonable to assume 


bubbles and thereby producing sound weld metal 


In practice, porosity may occur with all types of electrodes 


Since gas evolution in the weld pool using standard electrodes 


does not normally in porosity, it seems justifiable 


for this electrode to regard certain physical conditions as 


essential secondary tactors in These 


type 


ATE 


producing porosity 
the welding 
of base material, polarity and amperage 


| 
of travel 


secondary factors may involve position, 


of weld and size 


length, and rate 


Undoubtedly the causes of porosity in weld metal are 


complicated, there 


that are encountered 


ire many chemical and physical problems 


practice 


Some details regarding surface porosity are dealt with in 


the following section. These details apply mainly to electrodes 


of standard type 


Sulphur Porosity 
is Very common when the 
percentage 
evolution 


In practice, weld porosity base 


material contains a relatively 


American 


high 
the 


ot 


of sulphur 


publications refer to of gaseous 


this common type ot 
the evolution of H»S 
(pp. 308 and 378 in the 
HS evolution, 


the 
rich 
Mi 


claims 


sulphur compounds as 
porosity, C. B. Vold 
The American Welding 
1949 edition) 


cause 
suggests 
tallurey' : 
also 


detinitely and 
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the 
sulphur porosity 


mentions possibility of SOs evolution the cause of 


Berg and Wijnen!* appear to believe that 
the ability of the electrode to remove sulphur trom the pool 
has an essential effect on the degree of soundness of a weld 
in maternal with a high sulphur content 

Both of that 
act as a ot 


the 


ds 


these views gaseous sulphur compounds 


and that the sulphur- 
tends 


primary cause porosity, 


removing ability of 


electrode to produce an 
can be The experiment 
proves that the ability of the electrode 
to remove sulphur from the molten metal is of little import- 
ance as regards porosity 


essentially sounder weld, answered 


illustrated in Fig 


Fig. 2. 
inderlving sound 


A and B 


Commercial standard 

bead of 

Experimental electrode of oxidizing type with 0-14 
per cent. S in the deposit 

Standard electrode with 
deposit 

Experimental electrode of 
per cent. S in the deposit. 


electrode welded directly on an 


0-025 per cent. S in the 


D and t basic type with O13 


Base metal: S 0-06 per cent. max 


In Fig. 2 the underlying sound beads of oxidizing and basic 
electrodes must, in with the analysis of the 
deposits, have a much higher sulphur content than the over- 
lying very porous beads of a standard electrode 

Whether gaseous sulphur compounds can possibly be a 
cause of porosity in the arc welding of steel, can be examined 
by equilibrium calculations. The primary condition for poro- 
sity is the evolution yas in the form of bubbles within a 
temperature from a lower limit at the solidification 
temperature of the steel to an upper limit that can probably 
be safely estimated at not many hundred degrees centigrade 
higher 

The tollowing table should include all the reactions that 
need to be taken into consideration 


accordance 


ol 


range 


Table 1. Reaction Pressures at 1600 deg. 


and 2000 deg. ¢ 


Reaction Pressure 


Reaction in Atmosphere 


Equilibrium 
Data from 
| 1600 deg. C}2000 deg. ¢ 
S (hl) ) 
HOS «(th 
SO, (cb 
sO «IV)| 
SO (V)| 46 
CS (VI) | X 
COS (Vib 8:2 


30 
6-0 
64 
50 


10°’ | 1 
10-4 | 7 10-4 
10- | 10- 
107 | 1 10- 

10- l 10-4 ‘and 15 
10% | 9-3 - 10-8 | i4 
10- t+ and |! 


10rs 
2H] 
2(O] 
[O} 
YO) 
{C] 


{QO} 10° 


The calculations are based on the following concentrations 
in the molten steel 

{S] O-1 per cent., a figure that is higher than that usually 
found in practice 

0-003 per cent., a figure that at 1600 deg. C. corresponds 
to hydrogen saturation molten steel at a partial 
hydrogen pressure of one atmosphere.!4 


[O] -0-2 per cent., a figure that at 1600 deg. ¢ 


(H) 


ot 


corresponds 
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to Maximum oxygen solubility of molten steel in contact 
with a slag consisting of iron monoxide, FeO!4 
Ol per cent 


[C] 

In spite of the fact that the calculations are based partly 
on excessive concentrations, the reaction pressures in Table | 
are far below the required 
atmosphere 


, a common amount in practice 


order of magnitude of one 
However 


in’ sulphur 


we must take into consideration a large increase 
concentration in the liquid surrounding the 
crystals that are forming as the weld metal solidifies. Sulphur 
iS practically insoluble in solid steel, but has a considerable 
solubility in molten steel; the iron-sulphur eutectic contains 
about one-third sulphur. We must allow for a sulphur 
content in the liquid, remaining between the crystals, high 
enough for the activity of the sulphur 
activity of precipitated MnS or even FeS. The question ts 
then whether FeS as a replacement for [S] in the reactions of 
Table I at temperatures about 1200 deg. ¢ 
pressures of sufficient magnitude 


to approach the 


will give reaction 


This 
considerations 


question should be answered by the following 


Reaction (1) is replaced by 
FeS=—Fe+ §S> 
For this reaction Britzke and co-workers!© found 
14350 
I 


(VINE) 


log Ps» 5-80 (IX) 
which at 1200 deg. gives 
Ps) approx. 10 atm 
Gaseous sulphur is thus excluded 
Reaction (Il) is replaced by 
2}H| + FeS-Fe+ HS 


hydrogen concentration of 


as a cause of porosity 


(X) 

When equation (X) ts 
replaced by a partial pressure of hydrogen corresponding to 
equilibrium, equation (X) can be replaced by 

H>- FeS.-Fe- H5S 

Maurer and co-workers!’ found for reaction (X1) 
pH»sS 3025 
pH> I 

Now we can find the thermodynamically possible reaction 
pressure of H>»S according to equation (X) by means of 
equation (X11) by introducing in this equation the partial 
hydrogen pressure in the atmosphere which under 
conditions of equilibrium corresponds to the hydrogen 
concentration in the weld metal at the existing temperature 


the 


(Xt) 


log 0-853 (XH) 


are 


The concentration of hydrogen at 1200 deg. C. will only 
be roughly estimated here. Experience shows that after 
quenching in water, arc welds are always supersaturated with 
hydrogen, the concentration varying within 
according to the composition of the electrode coating, 
which will depend on the type of electrode used. For lack of 
better Knowledge of the conditions after air cooling to 1200 
deg. ¢ 


wide limits 


, we can start with the following two assumptions 

(a) Hydrogen in the arc atmosphere and hydrogen in 
solution in the molten metal are in equilibrium at 
1520 deg ¢ 

(h) Solidification and cooling to 1200 deg. ¢ 

no evolution of gas 


While the assumption probably represents — less 
hydrogen in the puddle than the actual concentration, the 
second will more or less compensate for this, so that the two 
assumptions together may provide a reasonable basis for 
an approximate calculation 


proceeds with 


first 


For standard electrodes (Exx20-electrodes) Mallett and 
Rieppel'® found about 40 per cent. of hydrogen in the arc 


atmosphere 


Table Il gives values for the solubility of hydrogen in iron 
at two temperatures (Siverts, Schenk) 


Table I. 


Solubility of Hydrogen in Pure Iron at 1 atm 
Partial Pressure 


Temperature Solubility per 100 gr. Fe 


1520 deg. ¢ 26 cc. Hy at 0 deg. C. and 760 mm 
(hquid iron) 
1200 deg. ¢ Sc.c. Hy at O deg. ¢€ 


(solid iron) 


pressure 


and 760 mm. pressure 


By means of an approximately determinable hydrogen 
concentration in the weld at 1200 deg. C. we can now find the 
corresponding partial pressure at equilibrium, Pi 00 

As hydrogen dissolves in the atomic form in steel, the law 
Of Mass action gives 


(XD 
(XT), 


[H] 


trom 


Ktv\ pr 
Table Il in 


Introducing values equation 


we find 
26 Ce 


Sc 


100 g. and 
100 g 


In accordance with the second assumption / we have 
[H]isoo [H]j200 oF 
By P1200 


> 


-6, O4 
which gives pyopg 42 atm 

Finally the reaction pressure of H»S ts computed according 
to equation (X11) by introducing the calculated value of the 
partial pressure of hydrogen at equilibrium, 4-2 atm 
temperature 1473 deg. K, by which we tind 

Pus O 26 atm 

Thermodynamically it is thus fully possible for hydrogen 
itself to cause porosity, but the evolution of H>S can, accord 
ing to the calculation, hardly be the specitic cause of porosity 
in welding steels with a high sulphur content 


_ and the 


Even though the calculation is based partly on an inaccurate 
estimate, it seems unlikely that a more thorough investigation 
would show higher H>S pressures. In this connection it 
may be sufficient to point out that the sulphur activity in the 
steel certainly cannot in reality be as high as the sulphur 
activity in FeS, which was used in this calculation 

Reaction (IIL) is replaced by 

2FeO - FeS.-3ke 
thus assuming that at 1200 deg. ¢ 


SO», (XIV) 
not only sulphur, but also 
oxygen is concentrated to a maximum in the liquid surround- 
ing the crystals 

From tables given by Dannatt and Ellingham!’, the SO, 
pressure of this reaction is calculated as 

Pso>= 2.5 10-° atm. at 1200 deg. ¢ 

Sulphur dioxide ts thus excluded as a cause of porosity 

Among the four remaining reactions in Table 1, only the 
formation of COS seems to need closer investigation. How- 
ever, according to Tress?" the reaction FeS + CO--Fe + COS 
has a very small equilibrium pressure of COS at 1100 deg. ¢ 
It is therefore unlikely that reaction (VII) can give a reaction 
pressure of atmospheric magnitude at 1200 deg. ¢ 
maximum concentrations of the reactants 


, even with 


Thermodynamic considerations thus seem to preclude the 
possibility that gaseous sulphur compounds are the specific 
cause of porosity in are welding of steels high in sulphur, 
and to the present author's knowledge no experimental 
support has ever been for the contention that sul- 
phurous gas compounds escape from the puddle. According 
to Claussen® much of the sulphur content of the electrode 
escapes in passing across the arc. This fact is no proof of 
the evolution of sulphurous gas compounds in the puddle, 
nor is it used by Claussen to support that idea. Experience 
gained from steel-making will, as regards the 
oxidizing reactions, weaken seriously the 
assertion that sulphurous gas compounds are a cause of 
porosity in arc welding; namely, that the combustion of iron 


given 


practice 


also serve to 
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it does 


been given 


hypothesis may be listed 
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t, for 
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because different types of 
different ways, some giving 
xternal porosity at the end of the 


Increase often porosity 
genera Ss 
difficult reasons, 
clectrodes tially 
it tert al | { 1 « 4 


bead (as st %) 


id is so heavy that the coating melts 
no longer perform its 
are and shielding the metal 
such cases frequently occurs at the 
then probably to be ascribed to the 


partially on t {, the coating will 


finct ' t ting 
TUNCHIONS ‘ 


the 


l¢ are atmosphere. 

and a 
weld at 
Here the 
since the 
is broken by 
is continued 


common type of porosity 
the poor quality of the 
{ at the end of bead runs 
causes of porosity, 
the arc 
than when the welding 
of crystallization presumably 


the 
when 


pidly 


gives 


RESEARCH 





Fig. 3 
with normal sulphur content; S 0.06 
ith high sulphur content; S O.11 


Base metal max 


\ 
B Base metal 


greater possibility for trapping gas bubbles. Experience also 
shows that crater porosity is more easily avoided when the 
electrode is removed slowly from the work-piece than when 
it is removed quickly. When the is broken by 
to the work-piece, which happens especially where electrodes 
with a thin, low melting point coating are used, and where 
the metal is transferred in large drops, bad crater porosity 
The reason for this is presumably a still 
more rapid cooling of the puddle 


are freezing 


is likely to occur 


The Influence of Welding Procedure on Sulphur Porosity with 

Standard Electrodes 

For the following tests commercial electrodes with } in 

core wires were employed, make B in the experiment illustrated 
in Fig. 7, make A for the other tests. The base metal used for 
the tests was I] thick and had the following analysis 

C O12 per cent.; Mn 0-46 per cent.; Si- Trace; 
S  O- ll per cent.; P 0-035 per cent 
wire analysis for both makes of electrode 


mm 


The 
approximately 
C=:0-12 


core 


per cent.: Mn -0°45 per cent.; Si 
S 0-03 per cent.; P 0-03 per cent 
For both electrodes the weight of coating was about one-third 
The coating compositions 


trace; 


the total weight of the electrodes 
and the weld metal deposit analyses are given in Tables Ila 
and IIb 

Manual welding used. Since the aim was to 
vary one factor in each experiment, the welding 
operator kept other factors as constant as possible and in 
accordance normal welding practice. The following 
photographs show the effect of power input, rate of travel, 
inclination of work-piece, and are length 

Porosity increases greatly with increased power input, as 
shown in Fig. 4. This may be caused by additional pick-up 
of harmful sulphur. 
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Influence of power input, downhand fillet welds 
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Fig. 4. 
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Table Ila. 


Electrode 2 Fe Mn 
(Total) (Metal) 


ALO; CaO 





Table IIb. Weld Metal Deposit Analysis for Electrodes 


A and B 
Electrode | Mn Si S P 


0-45 0-23 0-026 0-040 


0-50 0-12 0-024 0-020 
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Fig. §. Influence of rate of travel 
Upper beads 
Lower beads; 


downhand fillet welds 
approx. 0-7 cm. weld per cm. deposited electrode 
approx. 0-4 cm. weld per cm. deposited electrode 
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Fig. 6a. Flat plate 
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Fig. 6b. Side-inclination of plate: tan 2~ 6 


Fig. 6. Influence of side-inclination; bead welds 


; electrode A 


Coating Compositions for Electrodes A and B 


MeO TiO, Balance 


(Mainly O and HO) 
S6 
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Fig. 7a. Flat plate 
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Fig. 7b. Side 
Fig. 7. Influence of side 


inclination of plate: tan x 6:8 


inclination; bead welds; electrode B 


As shown by Fig. 5, porosity increases considerably with 


This may be caused by the increased rate of 
cooling and crystallization 


rate of travel 


Figs. 6 and 7 show that side-inclination tends to bring 
less complete elimination of porosity and 


causes roughness in the bead 


about more or 


The following explanation is a simple one and may con- 
tribute to the weld-porosity. The 
of the standard electrode ts vitreous, 
rather viscous, 


understanding of slag 
and at red heat it is 
after cooling it is very friable and is easily 
In downhand welding, as in Figs. 6a and 7a, these 
acid slags are not easily blown backwards (probably because 
of their high viscosity and low surface tension), and therefore 
they follow closely behind the arc 
the puddle, so that the 


removed 


The slag covers part of 
continuous solidification of weld 
metal proceeds under cover of a more or less tough film 
During welding there appears to be a bubbling of gas through 
the liquid slag behind the arc, the slag apparently offering 
some resistance to penetration by the bubbles 

In welding the beads in Figs. 6b and 7b, the slag to a large 
extent gravitated to one side, so that a considerable portion 
of the metal was during solidification. After 
deposition, only 75 to 80 per cent. of the weld-surface in 
Fig. 6b was covered by slag. All the pores were in the slag- 
covered part of the beads, while the uncovered area was 
entirely free from pores. In welding the beads in Fig. 7b, 
the slag slipped away more easily and the puddle was almost 
exposed during solidification. The result was a bead almost 
free of weld porosity. 
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Hot Cracking in Practice 
It that 
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known the metal 
that 
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letermine the cracking tendency of weld metal 


is composition Of the Dase 


type of electrode are two major factors 


electrode the formation of cracks with 
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cracks may also occur in welds, in spite of the 


being 


weld, while sulphur cracks 


weld-contour ca ach generally 


found along the middle of the 


run across the bead 
The cracking sensitivity of various types of electrodes is 

quite and been 

including the present author 


discussed by writers, 
+ In addition to the influence 


of the two main factors, chemical composition of the base 


different has many 


metal and the type of electrode used, experience shows that 
the two following factors in welding practice also influence 
the formation of cracks 

(1) Degree of rigidity (restraint) 


(2) Size of electrode 


Crack sensitivity increases with rigidity and also greatly 
with ot In practice hot cracks 
not much influenced by variation in cooling rate 


size electrode are probably 


Other welding conditions being equal, the welder’s method 
of working may also have a considerable influence on the 
cracking of weld metal. The following precautions tend to 
counteract cracking 

(i) Decrease of power input 
(11) Decrease of rate of travel 

The precautionary measures available to the welder against 
cracking are thus much the same as his measures against 
with a standard One for the 
favourable effect of these precautions against cracking may 
be pick-up of detrimental the 
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